Abstract-During a major outage in a secondary network distribution system, distributed generators (DGs) connected to the primary feeders as well as the secondary network can be used to serve critical loads. This paper proposed a resilience-oriented method to determine restoration strategies for secondary network distribution systems after a major disaster. Technical issues associated with the restoration process are analyzed, including the operation of network protectors, inrush currents caused by the energization of network transformers, synchronization of DGs to the network, and circulating currents among DGs. A look-ahead load restoration framework is proposed, incorporating technical issues associated with secondary networks, limits on DG capacity and generation resources, dynamic constraints, and operational limits. The entire outage duration is divided into a sequence of periods. Restoration strategies can be adjusted at the beginning of each period using the latest information. Numerical simulation of the modified IEEE 342-node low voltage networked test system is performed to validate the effectiveness of the proposed method.
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I. INTRODUCTION

S
ECONDARY network distribution systems are widely used in metropolitan downtown areas and business districts in the United States to provide high reliability to customers.
In a secondary network distribution system, loads are tapped to an interconnected grid of secondary mains. Electrical power is delivered to the secondary mains through network transformers at the intersection of the mains from two or more primary feeders. A network protector (NP) is installed on the secondary side of each network transformer to automatically isolate faults occurring in the network transformer or primary feeder [1] . The system is designed in a way that single contingencies will not cause an interruption of loads on the secondary mains. Therefore, if one primary feeder is out of service, the remaining feeders can serve the load without overloading or significant voltage drops [2] . However, loss of more than one primary feeder or a distribution substation may lead to power outages in the secondary network.
Major disasters, such as major hurricanes, earthquakes, and flooding, can affect the operation of power plants and substations and destroy underground cables, causing power outages in the secondary networks. In the 2008 Midwestern U.S. floods, several urban underground distribution systems in Iowa were shut down [3] . Hurricanes Ike [4] and Sandy [5] caused major outages in Houston and Manhattan, respectively.
Major outages in a secondary network can cause adverse impacts on the economy and society. Since secondary networks are mainly installed in metropolitan downtown areas and business districts, a major outage will affect business activities in the area. Moreover, some critical loads, such as street lighting and hospitals, are necessary to maintain basic services. Therefore, it is essential to continue serving critical loads in secondary networks after a major disaster.
Resilience against major disasters is identified by the U.S. Department of Energy (DOE) as a critical feature of the future smart distribution systems [6] . A review on the resilience of power systems under natural disasters is provided in [7] . Approaches to a resilient distribution system are summarized in [8] . Improving system response and recovery has been highlighted as a R&D need for resilient distribution systems by DOE [9] . Distributed generators (DGs) and storages (DSs) can be connected to the primary feeders as well as the secondary network [10] . They can be used as alternative sources when power from the utilities is not available to enhance the capability of distribution systems to restore critical loads.
Utilization of DGs, DSs, electric vehicles (EVs), and microgrids for service restoration and resilience enhancement in radial distribution systems has been studied in recent work [11] - [22] . In [11] , a multi-stage restoration procedure is proposed to maximize the amount of load restored by DGs. The impact of vehicle-to-home (V2H) and vehicle-togrid (V2G) facilities on service restoration during an outage of the external electric grid is investigated in [12] and [13] , respectively. The feasibility to use microgrids to restore critical loads on distribution feeders has been evaluated in [14] .
Dynamic constraints, including stability of the microgrids, limits on frequency deviation, and limits on transient voltages and currents have been considered in [15] . Uncertainty induced by intermittent generation resources has been incorporated in [16] . A novel distribution system operational approach is proposed in [17] to form multiple microgrids energized by DGs from the radial distribution system in real-time operations to restore critical loads. In [18] , a control strategy is proposed for electric springs (ESs) to enhance resilience of microgrids with fluctuating renewable resources. The black start procedure and islanded operation of microgrids following a blackout, including load restoration and control of DGs, are analyzed in [19] . Using multi-microgrids or networked microgrids for resilience enhancement is investigated in [20] - [22] .
Service restoration techniques for radial distribution systems cannot be directly applied to secondary network distribution systems due to their differences in design. Radial distribution systems are designed to operate without loops. Normally-open tie switches are used to connect two neighboring feeders. Interrupted loads on a radial feeder are transferred to alternative sources, including the neighboring feeders, DGs, or microgrids, by operating sectionalizing and tie switches [23] . This is referred to as the feeder reconfiguration. In a secondary network distribution system, multiple feeders serve a secondary network through network units [1] . Typically, there are no switches on the secondary cables in the grid [24] . As a result, the topology of the secondary network cannot be altered by switching operations. Using DGs to serve critical loads in a secondary network means tapping DGs and loads to the network and operating the network as an electrical island.
Conventionally, secondary networks are not designed to accommodate DG connection. It can be challenging to integrate DGs into secondary networks [25] , which may lead to improper NP tripping, degraded voltage profile, line overcurrent, etc. In [26] , a method to quantify the negative impacts of DG connection on the voltage profile of secondary networks is reported. Modifications should be made to accommodate DGs in secondary networks. For example, upgrading NP relays can avoid undesirable tripping of NPs [26] . Advanced monitoring and control facilities can manage and coordinate DGs to resolve issues concerning protection, voltage regulation, and overcurrent. It is reported in [27] that coordinating conservation voltage reduction (CVR) and DG control can improve voltage regulation in secondary networks. An optimal distributed voltage regulation method for secondary networks with DGs is proposed in [10] . The benefits of nonsynchronous microgrids in secondary networks have been demonstrated with a network in New York City [28] . It can be seen that, by upgrading the protection and/or employing advanced control technique, one can avoid adverse impacts of DGs on the operation of secondary networks and gain benefits from the connection of DGs. In this paper, it is assumed that a hierarchical monitoring and control infrastructure is available.
The existing work is mainly focused on the operation of secondary networks with DGs when it is served by the utility. To the best of our knowledge, research issues concerning the use of DGs to restore critical loads in a secondary network when utility power is not available and the operation of a secondary network with DGs and loads as an island have not been addressed. This paper is aimed to formulate and solve the problem of using DGs for critical load restoration in a secondary network after a major outage. The contributions of this paper are summarized as follows:
1) Technical issues associated with service restoration in a secondary network distribution system are analyzed, including the operation of NPs, inrush currents caused by energization of network transformers, synchronization of DGs to the network, and circulating currents among DGs.
2) A look-ahead load restoration strategy is developed for determination of the restorative actions. The proposed computation procedure includes three steps, i.e., primary feeder selection, optimal generation schedule, and operational dispatch.
3) Optimization formulations for optimal generation schedule and operational dispatch are proposed. Operational, dynamic, generation-resource, and NP-related constraints are incorporated.
The remainder of this paper is organized as follows. Section II describes the problem of critical load restoration in a secondary network with DGs. The analysis of the corresponding technical issues is provided in Section III. The look-ahead load restoration framework is proposed in Section IV. Details on optimal generation schedule and operational dispatch are discussed in Sections V and VI, respectively. In Section VII, numerical simulation results based on the modified IEEE 342-node low voltage network test system are presented. The conclusion is given in Section VIII.
II. SERVICE RESTORATION IN SECONDARY NETWORKS
In this section, secondary network distribution systems and their protection schemes are briefly introduced. The idea of using DGs to serve critical loads in a secondary network during a major outage is illustrated with an example.
A. Secondary Network Distribution Systems
The typical topology of a secondary network distribution system is shown in Fig. 1 . A low-voltage secondary network consists of secondary mains following the geographic pattern of the load area. The network is usually served by two or more radial primary feeders from a substation. A primary feeder is connected to the network at the intersections of secondary mains through a network transformer and a NP.
A secondary network distribution system is capable of providing uninterrupted service to customers on the network under single-fault conditions [1] , [2] . A fault on a secondary main can be cleared by the limiter (a high-capacity fuse) installed on each phase conductor of the secondary main at each junction point without affecting the rest of the network [2] . When a fault occurs at a primary feeder or network transformer, the feeder circuit breaker at the substation and NPs connected to the faulted feeder will open to isolate the fault. A secondary network distribution system is designed to withstand the loss of one or two primary feeders at peak load without affecting service to the load while keeping equipment operating within designed limits [29] . However, a loss of multiple primary feeders or a fault at the substation may lead to power outages in the secondary network.
B. DGs for Service Restoration to Critical Loads in a Secondary Network
Suppose that a secondary network experiences a major outage and the utility power is not available. DGs connected to the primary feeders and secondary network can be used as alternative sources to serve critical loads.
Since the topology of a secondary network cannot be altered, the entire network will be energized by DGs. Loads and DGs are tapped to the network in a specific sequence. DGs at the primary feeders can be connected to the network through network transformers. The secondary network along with a few primary feeders can be operated as an electrical island.
A strategy using DGs to restore critical loads in a secondary network includes critical loads to be restored, DGs for service restoration, and switching operations to pick up selected loads and connect DGs to the network. Take the system in Fig. 1 as an example. There are four DGs, one at Feeder-1, one at Feeder-3, and two at the secondary network. Three critical loads are served by the network. When the utility power is not available, a potential restoration strategy is to use DG1, DG3, and DG4 to serve the three critical loads. DG1 will first energize Feeder-1 and then the secondary network, followed by the connection of DG3 and DG4 to the network. Critical loads CL1, CL2, and CL3 are then restored in sequence.
Note that the above strategy may not be optimal or even feasible. Several technical issues need to be considered, which will be discussed in Section III.
III. TECHNICAL ISSUES
This section discusses major technical issues associated with the utilization of DGs for service restoration in secondary networks, including the operation of NPs, energization inrush of network transformers, synchronization of DGs with the secondary network, and circulating currents among DGs.
A. Operation of NPs
NPs play an important role in clearing faults at primary feeders and network transformers. Reverse currents to the fault point from the secondary network trigger the corresponding NPs to open. Automatic closure of NPs takes place when the primary-voltage magnitude, angle, and phase relation with respect to the network voltage satisfies the preset requirements [1] , [2] .
Undesirable tripping and closing of an NP, referred to as cycling of NP [25] , may occur when DGs are connected to both the primary feeder and secondary network, especially under light-load conditions. Cycling of NP may cause a restoration plan to fail or NP breaker failure and hence should be avoided.
NPs does not measure frequency and cannot deal with rotating phase-angle conditions that might occur if the network is operated as an electrical island that supplied by DGs while the NPs attempt to reclose [25] . NPs are not designed to handle recovery voltages involved when interrupting load currents or fault currents between two points that are not in synchronism [30] , [31] . As recommended by the IEEE Std 1547. 6-2011 [24] , one should not cause any NP to separate or connect two dynamic systems. Here, a dynamic system refers to an isolated portion of a distribution system with DGs, e.g., an islanded secondary network with DGs.
In this paper, the following solutions are proposed to address the issues mentioned above. A constraint is incorporated into the optimization model in Section VI to avoid reverse power flow through NPs during service restoration. Since NPs do not have synchronizing capability, an assumption is made to prohibit one from closing an NP to connect a primary feeder and a secondary network that have already been energized by DGs. In order to use DGs on a primary feeder to serve critical loads in a secondary network, the following procedure is proposed: First, energize the primary feeder with DGs; Then, close NPs at the feeder to energize the secondary network; Finally, synchronize DGs and connect loads to the network. In addition, no more than one primary feeder with DGs can be used to serve loads in a secondary network. Otherwise, one cannot find a proper sequence of operations to avoid having an NP to connect two dynamic systems.
B. Energization Inrush of Network Transformers
Transients can occur when de-energized transformers are energized, referred to as an inrush [32] . The impact of energization inrush on service restoration has been analyzed in [14] and [33] . Inrush may lead to overcurrent and undervoltage at DG terminals and harmonics interaction with other system components, resulting in relay tripping and infeasible restorative actions.
The energization inrush of transformers and lines during service restoration has been studied in [14] using GridLAB-D [34] , a smart grid simulation tool developed by the U.S. DOE through Pacific Northwest National Laboratory (PNNL). The results in [14] indicate that it is necessary to consider the effects of inrush currents when determining a restoration plan. When a DG is used to energize a primary feeder serving a secondary network, all network transformers at the feeder will be energized at the same time, which may result in significant inrush currents. Due to relatively small size of DGs, the inrush may lead to violation of DG capacity limits and even instability. To address this issue, constraints on the transient voltages and currents at the terminal of DGs are incorporated into the optimization model in Section VI. Transient simulations are performed to evaluate the feasibility of restorative actions that energize network transformers.
C. Synchronization of DGs With the Secondary Network
The process of using DGs to restore critical loads in a secondary network is similar to microgrid black start [35] . When connecting DGs to a secondary network, the synchronization conditions, i.e., phase sequence, frequency, and voltage differences, should be met. Requirements on synchronization parameter limits can be found in IEEE Std 1547-2003 [36] . If any parameter does not meet the requirement, control actions should be performed to eliminate violations. Note that the frequency and voltages in an electric island may not be as smooth as those in a large scale utility system. To address this issue, it is assumed in this paper that a central controller is available to regulate DGs in the networked distribution system. The synchronization process is simulated with transient simulators to ensure that dynamic constraints defined in Section VI are satisfied.
D. Circulating Currents Among DGs
When two or more DGs are operated in an electrical island, circulating currents among DGs will exist if the terminal voltage generated by these DGs are different [37] . Circulating currents may cause some DGs to absorb real and/or reactive power, especially under no-load or light-load conditions. Circulating currents can also cause overcurrent at some DGs while other DGs still have spare capacity, due to improper load sharing. Note that the impedance of secondary mains is usually small. Large circulating currents may occur if DG terminal voltages are not properly controlled.
Coordinate DG terminal voltages by centralized or droop control techniques [38] , [39] to achieve desired real and reactive power sharing can alleviate or eliminate negative impacts of circulating currents. In this paper, it is assumed that a central controller is available. Both real and reactive power of DGs are optimization variables with non-negative constraints. By doing so, DGs will not absorb real and/or reactive power, avoiding circulating currents.
IV. FRAMEWORK
In this section, a look-ahead framework to utilize DGs to serve critical loads in a secondary network is proposed. 
A. Assumptions
The following assumptions are made: 1) A hierarchical control infrastructure is available. The system is managed by a Central Controller (CC) that analyzes the network, performs optimization, and issues control commands. Each DG is controlled by a Source Controller (SC) that connects/disconnects the DG to/from the secondary network or primary feeder and regulates the DG output power and terminal voltage. Each load is controlled by a Load Controller (LC) that connects/disconnects the load to/from the secondary network. There are bidirectional communication links between the CC and SCs/LCs.
2) After fault clearing, loads are disconnected from the network, DGs are removed from the primary feeders and secondary network, and NPs are opened to separate the secondary network from primary feeders.
3) NPs are not allowed to separate or connect two dynamic systems.
4) At least one black-start unit is available on each primary feeder, e.g., diesel generators. In this paper, DGs are modeled as synchronous generators.
B. Look-Ahead Load Restoration
Based on model predictive control [40] , [41] , this paper proposes a look-ahead load restoration strategy, which is illustrated in Fig. 2 . Note that the length of each period is set to be 1 hour for the purpose of demonstration. It can be changed to other values as needed.
There are two stages: 1) A pre-decision stage, referred to as the optimal generation schedule. This stage looks ahead from the current period to the end of an outage and determines the loads to be restored and real power outputs of DGs in each period. The optimal generation schedule will run in a rolling plan as time moves forward. Only decisions for the first coming period will be retained, while others are discarded.
2) An op-decision (operational decision) stage, referred to as the operational dispatch. The real power and terminal voltage of DGs are regulated in this stage to meet power-flow and operational constraints. Dynamic constraints will also be evaluated.
If the outage lasts for T periods, the optimal generation schedule and operational dispatch will run T times.
C. Computation Procedure
The procedure to determine critical load restoration plans consists of three steps: 1) select a primary feeder, 2) determine an optimal generation schedule by a mixed integer linear program (MILP), and 3) perform an operational dispatch incorporating steady-state and dynamic constraints.
1)
Step 1 (Select a Primary Feeder): As mentioned in Section III-A, no more than one primary feeder with DGs can be used to serve loads in a secondary network. The one with maximum total kVA capacity of DGs is selected as the candidate. The corresponding DGs will be used to energize the selected feeder and then the secondary network. Since all network transformers on the selected feeder will be energized at the same time, the energization inrush current can be an issue. Therefore, a transient simulation needs to be performed to evaluate if the dynamic constraints are satisfied. If any violation is observed, the plan will be considered infeasible and the feeder will be removed from the list. Repeat the process until a feasible plan is identified or the list of primary feeders becomes empty.
Note that this greedy strategy to select a primary feeder does not guarantee optimality, since there are other constraints besides the limits on kVA capacity of DGs. However, it is a tradeoff between optimality and the computational efficiency. Intuitively, maximizing the total kVA of DGs available helps restore more load. Moreover, after a primary feeder is selected, one only needs to determine the restorative plan for a system with a fixed topology. The complexity of the optimization problem is reduced.
2)
Step 2 (Optimal Generation Schedule): DGs on the selected primary feeder and secondary network will be used to restore loads. This step is aimed at finding an optimal generation schedule, including real power generated by DGs and loads to be recovered during each period. This sub-problem is formulated as an MILP. Constraints on DG capacity, rampup/down rates, and generation resources are considered. More details are presented in Section V.
3)
Step 3 (Operational Dispatch): The optimal generation schedule provides an upper bound on the resilience index without consideration of reactive power dispatch, voltage/current constraints, etc. Based on the results of optimal generation schedule, an operational dispatch is performed to regulate real power and terminal voltage of DGs such that the power-flow and operational are satisfied. Dynamic constraints are then evaluated. Some loads to be restored may be removed from the list due to violations of dynamic constraints. The decisions made in this step will be implemented to restore loads and regulate DGs. More details are discussed in Section VI.
V. OPTIMAL GENERATION SCHEDULE
This section formulates the optimal generation schedule problem as an MILP to maximize the resilience. Constraints on DG capacity, ramp-up and ramp-down rates, and generation resources are considered. Fig. 3 . System performance curve with respect to a major disaster [42] .
A. Decision Variables
Pre-decision on real power generated by DGs, P g,t , and status of loads, x d,t , in each period.
B. Objective Function
The system performance curve [42] can be used to evaluate resilience of a secondary network with respect to a major event, as shown in Fig. 3 , which defines seven states for an event. Any actions reducing the green area in Fig. 3 can improve resilience. This paper is aimed at enhancing resilience of secondary networks through service restoration using DGs. Therefore, the restorative and post-restoration states are the main concern. In this case, resilience, denoted by R, can be defined by the integral of system performance F(t) over the time interval [t r , t ir ], i.e., areas in the restorative state and post-restoration state in Fig. 3 .
Resilience can be improved by restoring the system faster and/or to a higher level of performance.
Define the system performance function as the sum of priorities of loads in service, i.e.,
That is, the cumulative service time of DGs to loads weighted by their priorities, where τ d denotes the duration when load d is in service. Specifically, suppose the length of each period is T int , and status of a load is x d,t . In the kth look-ahead load restoration, the objective of service restoration in secondary networks is to maximize resilience, i.e.,
Loads are categorized into critical and non-critical ones. Here, critical loads (CLs) refer to those necessary to sustain basic societal functions, such as hospitals and street lighting. In order to use limited generation resources to serve CLs during a major outage, priorities of CLs are set to be much larger than those of non-CLs. In addition, negative values of c d can be used to avoid energization of some non-CLs [15] .
C. Constraints 1) Power Balance Constraints:
• The power generation and load demand should be balanced in each period:
2) Generation-Resource Constraints:
• During a major outage, generation resources, such as diesel and natural gas, can be limited. The total amount of energy (kWh) serving to the loads by a DG has an upper limit:
3) Output and Ramp Constraints:
• If a DG, indexed by g, is connected to the distribution system to serve load in period t, the following constraints on its output power should be satisfied
Otherwise, P g,t = 0.
• Limits on ramp-up and ramp-down rates:
4) Load Status Constraints:
• To avoid frequent changes in the status of loads (say, 2 times at most), the following constraints are added:
By introducing auxiliary binary variables y d,t , (8) can be replaced by the following linear inequalities:
Note that the objective function and constraints are linear, this optimization problem is an MILP, which can be effectively solved by off-the-shelf solvers. In this paper, the MILP solver intlinprog in MATLAB [43] is adopted.
VI. OPERATIONAL DISPATCH
The pre-decisions on the real power P g,k and status of loads x d,k for the first coming period, indexed by k, provided by the optimal generation schedule will be used as inputs for operational dispatch. In this section, an optimization formulation of operational dispatch and a heuristic method for the problem is described.
A. Decision Variables
Op-decision on real power generated by DGs, P g , and the terminal voltage of DGs, V g , in the current period.
B. Objective Function
The objective function consists of two terms. The first term is the mismatch between op-decision and pre-decision on the real power of DGs. The second term is the mismatch between node voltages and their target values. The operational dispatch is aimed to minimize a weighted sum of these mismatches, i.e.,
where w g and w u are weighted coefficients.
C. Constraints 1) Steady-State Constraints:
• If a DG is connected to the networks, its output power is bounded:
Otherwise, P g = 0 and Q g = 0.
• In order to avoid NP tripping, reverse power flowing through NPs is not allowed:
• Power flow equations should be satisfied:
• Limits on steady-state bus voltages (per phase): (15) In this paper, V min = 0.95 p.u. and V max = 1.05 p.u.
• Limits on steady-state line currents (per phase):
2) Dynamic Constraints: Compared with large generating units in transmission systems, DGs connected to distribution systems have relatively small generation capacity. Their ability to absorb shocks and maintain system stability is limited. Therefore, dynamic performance of DGs during the restoration process should be carefully examined [15] .
• Transient voltage at the terminal of a DG should not exceed the pre-specified limits: (17) In this paper, V tr min = 0.9 p.u. and V tr max = 1.1 p.u.
• Transient output current of a DG should be smaller than a preset threshold:
In this paper, I tr g,max is 1.1 times of the nominal current.
• Transient frequency of the secondary network should be bounded:
The limits on transient frequency, i.e., f tr min and f tr max , should be determined case by case, considering the type and characteristics of DGs and protection settings. In this paper, the nominal frequency is 60 Hz, f tr min = 54 Hz and f tr max = 62 Hz. The limits are set based on the three generators on Washington State University (WSU) campus according to WSU Facilities who operate these generators. Details on WSU generators can be found in the authors' prior work [14] , [15] . In the case where parameters and settings of generators are not available, standards specifying the performance of generators can be used as references. For example, in Standard ISO8528, the range of transient frequency is specified for reciprocating internal combustion engine driven alternating current generating sets under several performance grades [44] .
D. A Heuristic Method
The operational dispatch problem presented above is a nonlinear optimization problem with differential equations. It is non-convex for the following reasons:
1) The power flow constraints are non-linear equations, resulting in a non-convex feasible set. Recently, significant progress is made to convexify and linearize power flow constraints for radial networks [45] , [46] . However, a secondary network is meshed. To the best of our knowledge, the convex relaxation and linearization of power flow constraints for a meshed network has not been solved.
2) The dynamic behavior of a secondary network with DGs is modeled by a set of non-linear differential-algebraic equations (DAEs). Discretizing the DAEs with a certain time step leads to a set of algebraic equalities and inequalities, some of which are non-linear. If there are non-linear equality constraints, the feasible set becomes non-convex. Moreover, the number of variables will increase dramatically after discretization, since the values of an electrical or control parameter at different time points should be represented by different variables.
Due to the complexity induced by power flow and dynamic constraints, finding an analytical algorithm to solve the optimization problem defined by (10)- (19) is not feasible. Instead, this paper combines OPF and transient simulations and proposes a heuristic method to obtain a sub-optimal solution. As shown in Fig. 4 , the heuristic method has two steps.
1) Step 3.1 (OPF With Steady-State Constraints):
Without considering dynamic constraints, an optimization problem formulated by (10)-(16) is a typical OPF, which can be solved by available software tools. MATPOWER [47] is adopted in this project. In the OPF, the load demand is initially determined by the optimal generation schedule. If no feasible solution is found, the least important load will be removed and the OPF will be performed again. Repeat this process until a solution of the OPF is obtained or all loads are removed.
2) Step 3.2 (Transient Simulation):
Once the OPF is solved, a transient simulation is performed using PSCAD/EMTDC [48] to evaluate the dynamic constraints. In the simulation, DGs are first connected to the selected primary feeder to energize the feeder along with the corresponding network transformers and then the secondary network. Loads are connected to the network one by one with its priority from high to low. If a violation is observed when a load is picked up, the load is removed. When all loads are restored or removed, an operational dispatch strategy is found.
3) Convergence: The proposed heuristic method is a greedy algorithm. It tries to restore critical loads as much as possible. The worst case is that all loads are removed, due to the violation of steady-state or dynamic constraints. Otherwise, at least one load will be restored. The algorithm always converges.
E. Discussions 1) Dynamic Features and Uncertainties of DGs:
Different types of DGs, e.g., diesel generators, PVs, and fuel cells, may be connected to secondary networks. Their dynamic features and associated uncertainties will affect the performance of the proposed load restoration method.
Regarding dynamic features, synchronous-generatorinterfaced and inverter-interfaced DGs should be distinguished. A synchronous-generator-interfaced DG, such as a diesel generator, can usually withstand as much as 6 times of the rated current for a short period (several cycles) [49] . It can survive transient shocks, such as inrush currents and switching transients. In contrast, inverter-interfaced DGs can only sustain a short-time over-current of 1-3 times of the rated current [49] . Note that renewables usually have power electronic interfaces. Hence, relatively, renewables may have lower capabilities in shock absorption. Therefore, renewables are not suitable for connection to the secondary network at the beginning of the restoration procedure. After the network is completely energized by synchronous-generator-based DGs, renewables can be connected to provide additional power and energy to load, enhancing resilience.
When renewables are integrated into the secondary network, the uncertainties in their power generation have to be taken into account. The proposed look-ahead load restoration can be extended to incorporate the uncertainty of renewables. First, in each look-ahead load restoration, latest forecast for power outputs of renewables can be used for optimization. Then, reserves to accommodate forecast errors can be scheduled both in the optimal generation schedule and operational dispatch. Constraints on the up and down reserves, r + g,t and r − g,t , in the optimal generation schedule are formulated in (20) and (21) . Reserves in the operational dispatch can be modeled in a similar manner.
where the positive and negative forecast errors, P + f ,t and P − f ,t , can be obtained according to historical data.
The look-ahead load restoration runs in a rolling manner. With the latest forecast, it is capable of dynamically adjusting the restoration strategy to cope with renewables. Synchronousgenerator-based DGs should have sufficient reserve capacities to deal with forecasting errors and have fast ramping rates to cope with power variations of renewables. If the reserves or ramping rates are not sufficient, undesirable load shedding or wind/solar spillage may take place, especially under the condition of a high penetration of renewables.
In summary, synchronous-generator-based DGs with controllable power generation are most suitable sources for service restoration in a secondary network after a natural disaster. With a certain penetration level of inverter-based renewables, one can enhance the resilience of the network by using the renewables, together with the synchronous generators, to serve the load. However, with a high penetration of renewables, the system may not have a sufficient level of tolerance under transient conditions. Furthermore, it has limited capabilities in dealing with the uncertainties of renewables, resulting in a high risk in implementing the restoration plan. To reduce the risk, the proportion of renewables to be used to restore load has to be limited. More studies on this issue should be conducted in the future.
2) Fault Positions: During a major disaster, faults can happen on a primary feeder or secondary main. If a fault occurs on a primary feeder, the faulted zone will be isolated by opening adjacent switches. As a result, DGs upstream the faulted zone cannot be used for service restoration. Therefore, in Step 1 of the proposed framework, the total kVA capacity of DGs available on the feeder should be updated, excluding DGs upstream the faulted zone. If a fault occurs on a secondary main, the faulted conductor will be isolated by the limiters at both ends. Since a secondary main consists of multiple conductors, the corresponding nodes will remain connected. However, the impedance of the secondary main should be updated in the power flow and transient models, reflecting the loss of a conductor.
3) Black-Start Capability of DGs: After a major outage, the secondary network would be out of service. It is necessary to have a black-start unit to start the restorative process. In this paper, it is assumed that at least one DG on each primary feeder has black-start capability. The black-start unit will be used to energize the primary feeder and secondary network. Then other DGs can be started for service restoration. In practice, this assumption may not hold. Primary feeders without black-start units cannot be selected to energize the system. By excluding primary feeders without black-start units, the proposed method can still be used to determine restoration strategies. If no primary feeder has a black-start unit connected to it, black-start units in the secondary network will be used to energize the network.
4) Outage Duration and Length of Periods:
It is assumed that the outage duration is a known constant. It can be estimated by the distribution system operators after analyzing the number, types, and locations of faulted devices, available supplements and crews, and other factors affecting the recovery process. The proposed look-ahead load restoration framework divides the outage duration into a sequence of periods and allows operators to adjust restoration strategies at the beginning of each period (see Fig. 2 ). Therefore, operators can also update their estimation of the outage duration with the latest information and make decisions based on the new estimate.
The length of periods will affect the service restoration strategy and hence the cumulative service time to loads (the objective). Theoretically, adjusting restoration strategy frequently, i.e., setting a short length of periods, can make full use of latest information for decision making, resulting in high resilience. However, a large number of switching operations will be needed, increasing the risk of failures in restorative actions.
VII. CASE STUDY
In this section, numerical simulation results of the modified IEEE 342-node low voltage networked test system are presented to validate the effectiveness of the proposed method.
A. Modified IEEE 342-Node Test System
The one-line diagram of the modified IEEE 342-node low voltage networked test system [50] is shown in Fig. 5 . The original IEEE 342-node system consists of eight 13.2 kV primary feeders (in red color) a 120/208 V grid network (in blue color) and eight 277/480 V spot networks (not shown in Fig. 5 ). The primary feeders are served by two 230/13.2 kV step-down transformers of 50 MVA in a substation. The primary feeders are connected to the grid network via 48 network transformers of 1 MVA capacity. The spot networks are not considered in this study.
A set of 96 loads is served by the grid network, with a total demand of 26.03 MW+j16.08 MVar. A priority (c i ) in the range of [1, 3] ∪ [6, 10] is randomly assigned to each load. Thirty-three loads with a total capacity of 9.78 MW+j6.03 MVar are identified as CLs, the priory of which is equal to or greater than 6. The priority of non-CLs is equal to or less than 3.
For the sake of service restoration study, eight DGs are added to the test system, marked by DG1 to DG8 in Fig. 5 . DG1 is connected to primary feeder 1, while the rest are tapped to the grid network. Limits on real/reactive power and generation resources are listed in Table I . DGs are modeled as synchronous generators. A Woodward diesel governor model (DEGOV1) is used for frequency control and a simplified exciter system model (SEXS) for voltage regulation. Parameters for the generator and controllers can be found in [15] .
B. Results
Suppose a three-phase fault occurs at the 230/13.2 kV substation. As a result, the utility power cannot be delivered to the secondary network. The outage duration is 10 hours and each time period is set to be 1 hour, i.e., T int = 1h. Assume that the load demand at each node follows the same profile, as shown in Fig. 6 .
The proposed method is applied to the test system. All eight DGs are used for service restoration. The real power generation schedule of DGs is shown in Fig. 7 . All CLs and 22 non-CLs are restored. The amount of load restored varies with time. Take the first period as an example, an amount of 13.93 out of 26.03 MW load (53.52%) is restored. Generation resources are almost used up (99.51% used). Due to limited generation resources, DGs are not run in full kVA capacities. The available generation resources are optimally distributed in each period to serve the most important loads (loads with high priorities) through the outage duration.
When the optimal generation schedule is determined, the operational dispatch is performed to ensure that steady-state and dynamic constraints are satisfied for the first coming period. Pre-and op-decisions of DGs are shown in Fig. 8 . The real power of DGs slightly increases in the operational dispatch, because power losses are considered. Since reactive power is not involved in the optimal generation schedule, there are only op-decisions on reactive power. The real power generation, load, and losses in each period are shown in Fig. 9 . As far as node voltages are concerned, Table II indicates that the maximum and minimum voltages are within predefined limits. Fig. 10 shows the voltage profile in the secondary network in the first period, clearly demonstrating that voltages of all nodes are well bounded.
A transient simulation using PSCAD/EMTDC is performed to evaluate the dynamic constraints (17)- (19) .
DG1 is used to energize primary feeder 1. There are six network transformers on feeder 1, which will be energized by DG1 at the same time. The energization inrush current is shown in Fig. 11 . It can be seen that the peak value of the inrush current is around 0.69 kA, which does not exceed the preset limits. Note that the saturation features of network transformers play an important role in the energization inrush [32] . In this study, a piecewise saturation curve is defined for each transformer. The corresponding NPs are then closed to energize the secondary network. Since the secondary mains are short, the transient current induced by the energization of the network is small.
Other DGs are then tapped to the network one by one. The synchronization process is controlled by a central controller.
As an example, the curves of the frequency, phase-A voltages at the two terminals of DG4 breaker, and transient current at the terminal of DG4 are shown in Fig. 12 . It can be seen that by proper control, DG4 is connected to the network smoothly. The peak value of the transient current is about 0.05 kA.
After all DGs are online, the selected loads are connected to the network one by one according to their priority. Since the loads are relatively small in kW compared with the DGs, load restoration does not cause severe transients. Fig. 13 shows the voltage and frequency deviation caused by three load restoration actions. It can be seen that the transient frequency and voltages are within preset ranges. Note that secondary frequency control has not been implemented in the simulation. Therefore, the steady-state frequency decreases when loads are restored.
C. Computation Time
All computation tasks are conducted on a personal computer with a 2.39-GHz processor and 8 GB of RAM. The optimal generation schedule with 10 periods cost 0.33 s. The operational dispatch without dynamic constraints costs 0.21 s. The dynamic simulation costs about 42 min, which is the most time-consuming step. In order to study the electromagnetic inrush current, a small time step, i.e., 50 us, is needed in PSCAD, greatly increasing the computation time. To speed up the simulation, a practical solution is to use a small time step (50 us) to study transformer energization process. After all transformers are connected to the network, the time step is changed to 200 us. By doing so, the simulation time is reduced to about 14 min.
VIII. CONCLUSION
In this paper, a service restoration method using DGs to serve critical loads in a secondary network distribution system is proposed. Major technical issues associated with the restoration process is analyzed. A look-ahead load restoration method is proposed. Simulation results demonstrate the effectiveness of the proposed method.
It is assumed in this paper that a hierarchical control infrastructure is available and DGs and loads in the secondary network can be controlled directly by a central controller. However, DGs may belong to different owners. Therefore, the assumption may not be valid in practice. In the future work, market models should be designed to allow DG owners to gain proper benefits from providing service to critical loads during major outages. A distributed decision making mechanism is also required.
DGs are modelled as synchronous generators in this work. In the future work, inverter-interfaced DGs should be taken into account. The role of electric energy storages should be explored to enhance resiliency of the networked distribution systems.
